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INTRODUCTION 
For graphitic carbons reacting with O,, it is well established that the C atonis in the gasification 
products originate froin the active surface, the (111) and ( lo[)  planes (1,2,3,4,5,6]. Even when 
the basal plane is gasified, it. is gasified at. defect.s which expose C atonis in t.liese planes (71. 
The gasified atoins are produced via either or both of the reactions below depending upon t h e  
reaction conditions. 

c s d ( o ) ( S )  A eo($’) (1) 

2Csd(O)(S) CO,(g) + c!,d(J) (2) 
‘rhe ‘sd’ subscript. (strongly desorbing) in resc.tions 1 and 2 is used to show that only part of 
t,lie act,ive surface, the part comprised of surface atoms, is able to form t,hp c!.d(o) surface 
complex which is the precursor to the desorbed products. The rest. of the surface oxygeii complex 
is stable [8,9]. The fraction of the active surface which can form uustable surface oxides increases 
with increasing temperature. Because it is difficult to separate primary product, CO or CO2 
from that produced by secondary reactions, a net desorption turnover number for C gasification, 
TONc, will be used. I t  is defined in Equation (3)  below as the atoms of C gasified per unit 
time per 0 atom of surface complex and incorporates the two more fundamental const,ants froin 
reactions 1 and 2 above. 

TONc = kl + kz[C,d(O)] (3) 
Square bracket,s, [ 1, denote species activities. Equation (4) shows that TONc is the slope of t h e  
C gasification rate versus [C,d(O)] plot. 

C gesification rate = TONc: [Csd(o)] (4) 

To the extent that the st.eady state primary product CjO/C!Oz ratio is large, the gasification rate  
will be a more linear function of the unstable surface oxide concentration and the TONG will 
bet,ter approximate kI. 

Althougli Inw teiiiperature 0, chemisarptio!? !ec!miqnes !lave beex1 !:sed to I I I P Z S ~ . ! ~ ~  the ac!ive 
surface [8,10,11], the pa.rt, of the active surface actuaJly measured and it,s relationship i.0 the par t  
involved in the gasification, t,lie covered strongly desorbing part, is not always clear. Aside from 
an in situ spectroscopic examination of the surface which, as yet, is undeveloped, a better way 
to est,iniate the surface involved ill gasification nlay be to cool down a gasifying sample in Oz 
and then measure the surface 0 content. At. the instant. of cooldown, the surface oxides consist 
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of stable and unstable types. As the temperature decreases, more of the unstable surface oxides 
become stable. Some of tlie unstable surface oxides desorb but should be replaced because 
tlie activation energies for adsorption and migration of 0 species are snialler than the activation 
energy for desorption [12,13,14]. Tlie replacement, of recent,ly desorbed surface oxide would be less 
complete as the kinetics become less dominated by tlie desorption step. This litnits the technique 
to low temperature, high 0, pressure gasification. The cooled sample then contains oxygen 
originating from both the st,able and unstable surface oxides. This oxygen can be recovered as 
CO and CO, by heating tlie surface oxides t,o about 1240 K [$I. 

Tlie technique described above was used t,o st,udy the gasification of a spectroscopic purity 
graphite powder in various pressures of 0, at t,emperatures low enough so that tlie observed gasi- 
fication rates were clearly chemically controlled. The result,s demonstrate a relationship between 
t,he gasification rate and the amount of surface oxide collected immediately after gasification. 
The relationship may be int.erpreted in terms of st,able and unstable surface oxide and yields an 
estimate for tlie TONc. This estimate is compared to global turnover uumbers from the litera- 
ture. Tlie comparisons dramatize tlie importance of active site coverage in clarifying the role of 
active surface in gasification. 

EXPERIMENTAL 
Raartivit.y and linear programmed thermal desorption (LPTD) runs were performed in the same 
coiiiputer iuterfaced high pressure flow reador. Gasificat,ion or desorpt,ion produc4.s were quanti- 
fied by CO and CO, liondispersed infrared detectors and a mass flowmet.er. Hydrocarbon free 0 2  

of >99.99% purity with a reported moisture cont.ent < 3 ppiii was used for the reactivity studies. 
Ult.ra high purity Ar (>99.999%), passed tlirougli a Zr alloy gettering furnace to lower HzO and 
0 2  levels t,o < 0.1 ppm, was used for t,he LPTD rum.  The carbon st.udietl was Union Carbide 
SP-1 spect,roscopic. purity grapliit,e powder which had a tot,al impurit,y cont,ent. o f  < 0.1 ppm. 
It was supported unconsolidat.ed in  t.he reador on high purity alumina or quartz trays or on 
sapphire disks. 

C;raphit,e samples were loaded into t,lie reactor, given a LPTD, then gasified to 20% burn-off 
at. 8 4 0 f 3  K at a fixed 0, pressure. After cooling in O,, the surface oxide was collec.ted with 
another LPTD. Oiice loaded into the reactor, t,he sample was not. exposed to ambient air until 
the final LPTD was finished. LPTD’s were performed from ca. 300 K to  1234 K at  5 K/min. 
Full det,ails are given elsewhere [15]. 

RESULTS AND DISCUSSION 
Gasification proceeds through three stages as noted before [ I G , l i ] .  All samples were burnt-off 
t,o 20% to be within the range of steady sthte gasification. Figure 1 illustrat,es that,, when the 
react,ion conditions are kept, constant,, the gasificat,ion rat.e exhibits more varia1)ilit.y at. low sample 
weight,s and decreases with increasing sample weight,. A mass transfer calculat.iou following the 
procedure in reference [lg] for t,he case most. limit,ed by 0, transfer yields a value of 4’9 = 0.0032 
which is safely below the 0.1 upper liniit for chemical ront~rol. ( q 5 ’ ~ ~  is roughly the ratio of the 
actha1 OZ consumption rate to  the niass t,ransfer limited 0, supply rate.) Therefore, 0, inass 
transfer limitation is not causing the decrease in gasification rate with increa.sing sample weight. 
For t,he largest. weight samples, CO inhibition can explain t,he slight gasificai.ion rate decreases 
[18]. For the smaller weight. samples, however, t.he decrease in rate with sample weight appears 
to be due to the influence of extrinsic catalysis. This view is supported by tlie higher C 0 2 / C 0  
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ratio in the product gas for these saniples as well as microscopic exanlinations of the burnt 
graphite powder which reveal that tlie smaller weight, higher reactivity saniples exhibit a much 
higher incidence of flakes with roughened edges and channels. The gasificat,ion d e s  were not 
significantly influenced by changing t,he sample support. mat,erials. 

A typical LPTD profile obtained after 20% burn-off in 2.3 MPa O2 at. 8 3 i  K is illustrated 
in Figure 2. All LPTD profiles were siniilar anti differed iiiainly in the evolut,ion rates and total 
amounts but lit,t,le in t,he rate-t,etiiperat,ure profile. Most of the gas recovered during LPTD was 
CO. It is likely t,hat t,he siniilarit,y in LPTD profiles is due at least. partly to very rapid surface 
oxide niigration or rearrangement. 

Figure 3 illustrates the relatioilship between the steady state gasification rate aud the surface 
oxide collected afterwards expressed in t,ertiis of tot,al 0 collectetl. Because a vert,ical temperature 
gradient existed at the highest. 0, pressure, 3.5 MPa, the sample temperature during gasification 
at. this pressure could be as high as 851 K. Regardless of whet,lier the rat,e differences among t,he 
samples are caused by sample size (catalysis) or 0, pressure differences the data follow t,he same 
trend. A least squares linear fit t,o tlie data  shows that, 5.5 pniole O/g of the surface oxide is 
st,able. The excess is iuist.able and has a TONc of 0.043 SKI. The absence of significant curvature 
in Figure 3 implies t.hat t,he TONo closely approximates k l .  

This t.rrrnover number is compared wit,h ot,her inore global turnover numbers from the liter- 
at,iire in Figure 4. In Figure 4, the right hand vert.ical scale is in units appropriate for turnover 
numbers, t,he left. hand vert.ical scale is in units nppropriak for edge recession rat,es. Where nrces- 
sary, react,ivit,ies i n  Figure 4 were extrapolated to 1.3 KPa using an O2 r e a d o n  order of 0.5. The 
literature global t,urnover nunihers are the gasification rates divided by the t,ot.al act.ive surface 
areas, i.e. C: atoms gasified per unit t.ime divided by C atoms exposed at  edges of basal planes. 
These global turnover nuiiibers may be obt.ained directly from microscopic observations of the 
recession rates of pits i n  t.he basal plane [5,20,21,22,25] or of t,he recessiou rates of unwet. catalyst 
channels at. points far from the cat,alyst particle [23,24]. They niay also be obtained by dividing 
the gasification rate by t.he amount of chemisorbed 0 [SI. The chenlisorption conditions must be 
chosen with care. Low temperature cheniisorption niay suffer froni failure to sat,urate the entire 
active surface due to kihet,ic limitat.ions. At higher t,eniperat,ures, significant, fract,ions of the 
act,ive surface will be Csd type and unable t,o ret,ain surface oxide. Since active surface coverages 
are not known for t,he literature global turnover numbers, they cannot be converted into TONcs, 
however they do represent the lower limits t,o the TONcs. The scatter in the data  in Figure 4 
is probably due to variable coverages of active surface caused by variable degrees of catalysis, 
since the dat.a were normalized for O2 pressure. The upper line in Figure 4 is constructed using 
da ta  having the lowest. reported O2 reaction order of 0.3 [21] and thus t,he highest active surface 
coverage. This line should niore closely approximate the TONG. 
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Figure 1: E F F E C T  OF INITIAL S A M P L E  WEIOII'r ON GASIFICIATION R A T E .  
<:ASIFIC'ATION AT 840f3 I(, 0.1 MPA 0 2 ,  20% BURN-OFF 
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Figure 2: EVOLUTION RATES DURING LPTD AFTER GASIFICATION.  

GASIFICATION T O  20 % BURN-OFF A T  837 I< IN 2 .3  MPA 0, 
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Figure 4: TURNOVER NUMBERS FOR THE C A R B O N - O X Y G E N  REACTION AT 1 .3  KPA 
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